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5UMMABT . ' . ■ . 

/ . ' -. ■ . 

The B»rle8 of pressure dlB-trlbut Ion meaBurement-s' at 
three teet seotlons on- NAGA airfoils 2212 and H6 vlthln 
170°- to 210° -angles, of attack- ;ln reversed flow proved to 
"be largely independent of the profile form.- In contra- 
diction to the pressure distr lliution in normal floy con- 
siderable negative' pressure from the- upper surface spills 
over onto the lover surface, .and vice versa, even In' the 
zone of sound flow.. The results are presented as chord- 
vise preaerure and load distr Ihution. The spanvlse lift 
distrihutlon and the total lift coefficients of the vlng 
obtained "by Integration manifest approximate agreement 
vith the behavior of a diagonally disposed flat plate. 
By eon.sideration of the ground effect (represented by a 
flat vftll) the lower surface' of the vlng shows an in- 
crease in- the 1-ov pressure. 



liTTHODUCTION 

It is known from experience that the movable surfaces 
of an aircraft tethered In the open are subjected to severe 
moments In a tall wind. In order to obtain some data re- 
garding the magnitude xof these moments and of the load dis- 
tribution in reversed flow, -a- eeries of- pressure dLstri- 
butions were carried out vhlch, in the interest of widest 
possible applicability of the results, were for the time 
being limited to wlnga without movable surfaces. Experi- 
ments of similar njature are' not' available , .as far as is 
known. 

TE.ST PBOCESUBS AND EXECUTION 

The tests vara made on ax. airfoil of medium camber 
(NACA 2212) and on one vith slight rev«r8.e- camber (NACA M6 ) . 

*"Druckverteilung an" rittgeln bel AnstrBmung von r-ftckvArts . " 
Jahrbuch 1938 der deutschen Luf tf ahrtf orsahung ,. pp. I 90- 
I 100. 
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Both vere rectangular' In plan* Feris^ 'hadL 'an aspect ratio 
of lt5 and 1 meter span.. Tih<i pressure dlstrl'butlon was 
recorded at vlng center Ctest section. I), at 1..4 chord 
distance f rom- 4rln£ c-eatvr -(-test section II) 'and at 0.1 
chord distance from the vlng tip (test section III) (fig. 
1). 3ach of these three- ««etlon« Vas provided with 26 
pressure taps of 0.75 millimeter diameter (fig. 2) locat- 
ed In profile sections made of brass of 10 and 12 milli- 
meters width respectively. —The' rest of the wing was made 
of wood. Table 1 gives the spacing of the test orifices 
measured in millimeters and percent of chord. from wing 
trailing. edge along the 6hord. -Saeh pressure ' erlf lee was 
fitted with brass tubing for conveying - the pressure. The 
pressure lines to the manometsrs passed ' through- the wing 
and emerged at the two tips.- 

■ Because this arrangement had falsified the measure—' 
ment In test section lit closest to the tip and for reeeons 
of .easier fabrication of the- models j only sections I and 
II were first fitted. - For the uie&sureiaent in III the wing 
was cut at 0.1 chord distance from test -section I and this 
section used as free wing tip^ These • measurements were 
therefore made with a wing of approximately half span. The 
other half of the wlng wGCe formed by a straight wall set 
at right angles to. this wing half parallel to the flow di- 
rect ion abd this was very large eomi>ared to the wing dimen- 
sions (fig. 3). The minor discrepancies due to the slight- 
ly modified wing aspect ratio and the effect' of the bound- 
ary layer at the wall were disregarded. 

The pressure measurements . were made at. geometric an- 
gles of attack a« = IVQO , ' 180° ,- .190° , 200°, and -2l6o; 170° 
"denotes reversed flbv frqm belo.w, 19.0°,. 200°., and 210° re- 
versed flow from above. 'AllQvlng for the angle of attack' 
correction due to the finite air stream dimenBlons the - 
true flow angles are a » 170.40, 180°, 18.9.7°, 199.7°. and 
209.70 (cf. section 17). 

In several cases the pressure distribution was also 
measured under ground effect. Blnce this effect at .small 
distance between ying and ground (low— vlng monoplane) and 
at great angle o^ attack was expected to be very prnnounced, 
these measurements were made at angle of attack approaching 
°^max (i^eferred to normal setting) and at a distance of 

0.6 chord from the leading edge (flg« 4). a lift measure- 
ment in the nornsl angle-of -attack range gave o.^^^^ « 20° 
for KaOA airfoil 2213 (as against a = 200° in reversed 
flow at this settlnfe), and ■ aajax' * ^°' (corre- 

sponding to a » 198°). 
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Slniee the flow le already^ ee'para-ted" on the lov«r sur- 
face at these' aettlngs lii reversed flow the OTeratepplng 
of" amax veis' no% ant'f clpat'eST t b' ^Sre'Iese anything unusual 
In pressure dlstr lhuJb.lon. for the ground effeot measure- 
ments the angles fifi. the. VAOA 2312 vere a' » 194°, 198°, 
203°., ' that on the M6 a' = 198°. The flow angles after 
eorreetlAn of. angle of attack vjBire a = 193,6°, 197.6°, 
and. 301.7°. The .ground was simulated' hy.a. flat wooden 
vail. The- dynamic, pressure throughout the tests vas q, = 
56 millimeters water column, e^^ulyalent to a speed of 
around 30__meterB p^r second.. JL check test, at q. » 39.1 
millimeters", waier. column (35 m/s) with dlmenslonless val- 
ues showed t}ie same results. Several Frandtl type micro- 
manometers with. TC.rt Ibal tuhe. served as; pressure Instru- 
ments. 

ESSULTS 



The test values made nondimens lonal hy q s 56 milli- 
meters water column are given In tahles 3 and '3 for the 
VkGk airfoil sections 3313- and. M6, respectively, and tahle 
4 gives the re-sults with ground effect. In, figures 5 to 
•13 (NACA airfoil -section 2213) and 1^ to 18 (MS) the re- 
corded pressure differences are shown plj»tted against the 
wing chord referred to atmospheric pressure- (jp/^) • '^^^ 
Included airfoil facilitates the- Identification of the 
pressure at the different stations. Te»t sections -I, II, 
and III are marked Individually;, whereas the - jp/q, values 
of the upper surface (test stations 1 to 15) are -shown as a 
8-olld curve and those of the lover surface as- dashed 
curves . 

Qualitatively, there is no difference in pressure . dis- 
tribution "between the two airfoil sections, hoth showing 
a pred4)mlnant low pressure on the upper surface at a a- 
170°, and positive pressure at 2/3 of the lower surface. 
The low— pressure region extends over' the nose far over the 
hot'tom surface. On the contrary, the high— pressure zone 
of the upper surface 'extends only to ahout half tJie irlng 
chord at or 3 190°. At a = 180° upper and lower surface 
have approximately the same pressure distribution, the low 
pres'snir^ at -'the uppet ' burf acei being slightly predominant, 
ao that a slight lift occurs. This resultant lift is 
greaier on the M6 than on ther JfACA 2212. The ' constancy of 
the low pressure on the lower 'surface --at a = 200° and - 
210° Is indicative of $ilready separai;ed flow at the edge; 
the profile has approximately the same effect as an 
obllq.uely disposed flat plate. 
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Teit ' seetloaa ' I and II <that is, t^hose located at mld- 
seetlon) -shov q.ualltatiTel7 and approxlaatelyi,al8 0 q.uan- 
tltdtirely the same dlatr Lbtition. At the eettlngs where 
the flov on. the ' lover eurfaee hae aeparated, the dlf^e^r^nee 
at test -station II It, of course, greater than at station 
I. In the pressure variation at the section near the ving 
tip the'presaure equalization over the tips makes itself 
felt in a suhstant ialljr Inver pressure difference betveen 
upper and lover surface, the settings of the . separated 
state of flov again forming an exception.. Bather unusual 
Is the marked lov— pressure peak on the. upper ■ surface at 
a 9 170^, on the lover surface in test section III at 
190°. But this region of marked lov— pressure is restrict- 
ed to small depth. This is prohahly a case of edge angle 
effect as knovn from flov arpund a sharp edge. 

A lucid picture of the pressure dlstrlhutlon along 
the ving is afforded vhen the pressure p/q. recorded at 
the different orifices is plotted at right angles to the 
profile contour as exemplified on the HACA airfoil 2318 at 
a » 170.4°' in figure 19, and at a » 189.7° in figure 20. 
The arrovs pointing tevard the profile indicate positive 
pressure, those avay from it lov pressure, the double ar— 
rov shovs the flov direction. The lov pressure region of 
the lee side extends f ftr ' over the veather sldsf the posi- 
tive pressure sone of the lover surface at a » 170° and 
of the upper surface at a = 190° is comparatively small. 
The stagnation point is. very close to the trailing edge; 
its position is indicated ty dashed arroir. Since the 
method of presentation of figures 19 and 20 appears only 
of interest for the design of ribs, vhich, on the other 
hand, does not ordinarily follov the present ease of re- 
versed flov, the reproduction of the other measurements in 
this form is omitted. 

The spanvise load distribution is illustrated in fig- 
ures 21a to 21h for VACA airfoil section 2212 as the sum 
.of the chordvise pressure forces of upper and lover sur- 
face against the chord. Figures 22a to 22f shov that for 
airfoil M6. The flov is from left to right throughout. 
These graphs also confirm the extended agreement of the 
results at both airfoils. They also disclose the differ- 
ence in distribution at midsection and the edge, vhich can 
become of importance especially in viev of compensations. 

Ground effect s— The several measurements vith ground 
(figs. 10 to 12, and 18, 21f to 21h'and 22f) all disclosed 
a more marked lov pressure at the lever surface than for 
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the ■ane angle settings vltheut groxind, -vUloh ccirresp-ondB : 
to-a greater jresulJtaAt. aerojdjrxiamleL f orqe^ - Xhe. reaaoit f or 
■It. 1.8, llkel7 to "be found In the enlwnced epeVd'-bf 'iF-.],-ov at, 
the lover surface. (^ualitatlTelj - the pressure - die trltu— 
tlons'vith ground do not differ from thpso recorded vlth— 
out It, by reason of the . reparation of flov at the lover - 
surfaces on both. On the 'MG.a pronounced lev prescrure 
ipeak occurs on test section 11 of the lover surface fdr 
a a 197.7^, the Influence . of . Which persists even at .the : .- 
edge. Other measurements shoved. no slnllar peaks. ■- 

Llil DISTHliBtJOJICfH " 



Integration of the pressure distributions plotted 
against chord affords the normal foreie coefficient 



Cn 



■/ 1 * (f ) 



and similarly the coefficietit of the tangential force 



From Cf and Cq follovs the local llf t ' doef f iclent 



c^ " Cj^ cos a — c^ sin a 



Since et iB small, c^^ = c^ cos a. 

In viev of the measurements With 'ground ' Ca vas 

consistently figured positive vhen the lov pressure on ' 
the top camber predominates, that Is, vhen Cq .Is posi- 
tive. (in a body-axis system), vhich, applied to measure- 
ments with ground means that the positive Cg,' direction 
points avay from thq ground (fig. 4). Shle •definition 
vhich results vhen the vind direction about- the fl±ed 
vlng is rotated and .the air forces described in a system 
of space axes differs from the convent Ibnal in -the .sign 
of Ca, - in the second and third \uadrant. Mere- precisely , 

Ca = Calcos a J ' -. 

the On on ITACA airfoil 2212 va.s determined at sections 
I. II, and III; and at a ^ 199.7°, that is, vhere the 
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fl6^r' lUL9 sepa-rated.; hence ~a high drag ^antlolpa ted , c±. 

vap also meaeureid. "It va-B'found that ' In the separated 
zone also dt sln.a can be diBregax*ded with reepect to 

COB. a. So. the time— consuming Integration of was 
■oaltted and- c^-a eos a. considered only, and afford- 
ing ill this manner the lift distribution over the span 
2 x/b (fig. 23).' The values of the right h&lfof the 
ving are reflected on the left half in flgurd.23j vhereas 
in figure 24'the- local for the -indiyldual test, sta- 

tions are plotted separately against the angle of attack. 
The integration of the c^^ distribution curves ever the 
span give the c^^' value for - the ' total ving which Is 
alao shown in figure 24 plotted against the angle of at- 
tack. 

With this ' Cg^ curve' as a basifa the final angle of 

attack correction due to the finite Jet diameter was ap- 
plied. This correction amounts to 0.4° at the highest. 
In view of the accord of the pressure distributions on 
both airfoils the corrections were, ascertained on the air 
foil 2212 only and the same correction factors applied to 
the M6. Numerically the values are given in table 5. 

The graphs confirm the fact mentioned that the flow 
within 170° to 190° i8..ixot substantially separated, but 
Completely so at a- = 200° and' 210°.. At the edge (test 
section III) the separation at the lower surface starts 
at about a = 198°, on .the two midsections I and II at 
around a » igi°. 

Comparison with (rBttingen test data on fla^t rectangu 
lar plates of 5:1 aspect ratio (reference 1) showed good 
agreement of the c^ values, particularly also the posi- 
tion and approximately the amount of ^^aQ^x* estima- 
tion of the values from our measurements also gives 
a close accord for the Cy values as to- the order of 
magnitude. ' It is suspected that the obliquely disposed 
wing in reversed flow largely approaches in its attitude 
of flow that' of a flat rectangular plate. The G-bttlngen 
airfoil s&otion 420 (reference 2) meas.ured in the total 
angle-of-attack 'range itself has Ca Cw values in 
the vicinity of 180°, which, in regard to order of magni- 
tude, are in good agreement with the present findings. 

Figure 25 shows the ' ca value for the flat rectan- 
gular plate, airfoil section 420 and airfoil section 2212 
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The three meaetirefflentB vlth ground on airfoil 2212 give. 
In accord vlth the Inereaeied lov preeeure of the lower 
surface, greater e^^ Talties vli'hout ground; "Flgufe -25 

represents the lift distribution of the measurements un- 
der gxound effect. The lateral o. here reach higher 

*inln 

▼alues than In the measurements without ground. The c^ 

values obtained hy integration of the spanwlse lift dis- 
tribution likewise afford higher (negative) values than 
without ground; the ground proximity induces a supplemen- 
tary force directed toward the ground. Table 6 contains 
the results of the evaluation. 



Translation by J. Tanler, 
National Advisory Committee 
for Aeronautics. 
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Table I.~ Location of the test stations at both profiles. 
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Table V.- Normal force and lift coefficients, NACA airfoil 2312. 



170« 
180» 

190* 
200« 
210* 

Table VI, 



I 



0,83 
0,11 

— 0,68 

— 0,64 

— 0,63 



II 
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0,063 

— 0,70 

— 0.67 

— 0.73 



III 
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-0,46 
-0,71 
— 0.69 
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- Normal force and lift coefficients, NACA airfoil 2212 
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Cf, = c„ cos a 
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Table IV. 

Pressure distribution measurement with ground. 





Profile NACA 2212 


Profile M 6 

: 


Test 
Sta- 
tion 


a = 193,7» 


a = 197,6'' 


a = 201,7" 


a = 197,6« 


T 
1 


11 


TYf 
111 


f 
1 


1 If 
11 


III 
111 


I 
1 


II 


III 
111 


I 
I 


'II 
■11 


III 
III 


1 


0,406 


0,750 


0,800 


— 0,714 


— 0,906 


— 0,915 


— 0,781 


— 0,777 


— 1,161 


—0.354 


— 1,86 


— 0,682 


2 


4- ft 874 


4- ft Qft7 


_|- 0,745 




4-0 938 


+ 0,760 


+ 0,937 


-j- 0,960 


-|- 0,824 


-f 0,920 


-f 0,966 


-{-0.781 


3 


_l_ 0 720 


4- ft "501 


_|_ 0,670 


4-0 771 


_j_ 0,637 


4-0600 


-f- 0,819 


4-0.724 


-{-0,686 


-i- 0.777 


.{-0,816 


4-0599 


4 


1 A a*iA 


-1- ft ftRQ 


1 A A4R 


4- ft flSI 


0,7 1 4 


_|_ 0,473 


4- 0 737 


-j- 0,757 


-f- 0,572 


-j- 0,687 


4-0 727 


+ 0,461 


6 




1 A CAO 

u,ooz 


4- ft 


4- ft "iOft 


_j_ 0,610 


-j- 0,371 


-j- 0,664 


+ 0,671 


-f- 0,469 


-j- 0,612 


0,616 


-f 0,380 


6 


1 n AQK 
^ V,4o0 






4- ft filft 




_|_ 0,293 


-j- 0,597 


-f- 0,610 


-{- 0,388 


* 4-0 ua 


-j_ o,5g2 


+ 0,300 


7 


1 A OQQ 
V,MV 


1 A QAI 


1 A AQOA 






4_ 0 OOfU 


4- ft 402 


4-0 308 


4-0 180 




-p V,40# 


Vf IvV 


8 


1 n AA^ 


1 A ATOR 

-)- V,07o6 


A AilQQ 


1 A AAA 

-p u,uvv 


1 n 1 1 1 


VfKrxOO 


4- ft 1B9 


4- A IAS 




-i-ft III 
-J-U,ili 


4- n ISIQ 
"p u,i0V 




0 


A 1AQ 

— U,lu«l 


A 1 OQ 


A 17ft 


ft 119 


A 1 1 g 
i 1 o 


. 0 183 


A naA. 


0 091(1 


0 1^1 


— 0 919 

— \Jf^i^£ 


A oeo 




10 


A QAI 


A OKO 




— U,«)W 






, A fUA 


n ifli 


A 000 




ft 187 




11 


— 0,532 


— 0,496 


— 0,428 


A 1 
U,07i 


— V,OlV 


A AOfX 

— U,4W 


A ft^R 
V,DOO 


— UfU}fO 




A ATT 

— v,077 


A A9T 


A ilAI 


12 


— 0,662 


— 0,476 




A Al A 


A 1 
— UfOii 


n fi7n 

— U|0/U 


A AAA 


— Uff Do 




—vjom 


A AOl 


A 

— yjfZMiy 


13 


— 0,641 


—0,466 


— 0,494 


—0,678 


— 0,674 


— 0,543 


— 0,559 


—0,705 


—0,476 


—0,614 


—0,600 


—0,485 


14 


— 0,555 


— 0,454 


— 0,538 


— 0,696 


— 0,553 


— 0,593 


— 0,559 


— 0,665 


—0,488 


—0,614 


—0,640 


—0,563 


16 


— 0,558 


— 0.464 


— 0,586 


— 0,594 


— 0,567 


— 0,638 


— 0,565 


— 0,677 


— 0,523 


—0,611 


—0,648 


— 0,560 


16 


— 0,04(1 


— 0,534 


— 0,921 


— 0,651 


— 0,670 


— 0,995 


— 0,594 


— 0,727 


— 0,627 


—0,668 


—0,676 


—0,970 


17 


—0,072 


—0,580 


— 0,768 


— 0,677 


— 0,801 


— 0,755 


— 0,603 


— 0,755 


—0,613 


—0.682 


—0,721 


— 0,862 


113 

IB 


— 0,686 


—0,669 


— 0,638 


— 0,668 


— 0,886 


— 0,573 


— 0,003 


— 0,800 


—0,615 


—0,686 


—0313 


—0,606 


19 


— 0,709 


— 0,784 


— 0,552 


—0.666 


— 0,941 


— 0,513 


— 0,598 


— 0,792 


— 0,627 


—0,676 


—0,895 


— 0,517 


20 


— 0,737 


— 0,869 


— 0,490 


— 0,656 


— 0,960 


— 0,526 


— 0,592 


— 0,812 


— 0,713 


—0,672 


— 0,937 


—0,535 


21 


— 0,755 


— 0,990 


— 0,469 


— 0,655 


— 0,920 


— 0,549 


— 0,583 


— 0,803 


— 0,972 


— 0,655 


— 0,943 


—0.635 


22 


— 0,760 


— 1,001 


— 0,467 


— 0,644 


— 0,875 


— 0,652 


— 0,568 


— 0,773 


— 1,170 


— 0,648 


— 0,894 


— 0,737 


23 


— 0,734 


—0,960 


— 0,606 


— 0,620 


— 0,874 


— 1,242 


— 0,555 


— 0,750 


— 1,095 


—0,637 


—0,836 


— 1,315 


24 


— 0,738 


— 0,928 


— 1,805 


— 0,621 


— 0,850 


— 1,375 


— 0,554 


— 0,745 


— 1,055 


—0,634 


—0,838 


— 1,465 


26 


— 0,728 


—0,936 


— 1,826 


—0,616 


— 0,864 


— 1,365 


— 0,562 


—0,738 


— 1,031 


—0,634 


—0.826 


— 1,453 


26 


—0,728 


—0,921 


— 1,800 


— 0,616 


— 0,870 


— 1,31 


— 0,648 


— 0,748 


— 1,020 


—0.631 


—0,937 


— 1,460 
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Figs. 1,2,3,4,5 
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Figure 1.- Location of test 
sections on the 
KaCA airfoils 2212 and U 6. 
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Figure 3.- Test set up for 

measurement in 
section III . 
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Figure 2.- Arrangement of test 
stations. 
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Figs. 6,7,8,9 
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Figure 8. 



Figure 9. 
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Figs. 10,11,12,13 
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Figure 11. 




Figure 12 
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Figure 13. 
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Figs. 14,15,16,17 




Figure 14. 
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Figure 15. 
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Figure. 16. 
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Figure 17. 
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Figs. 18,19,80. 
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Figure 18. 
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Figure 19.- Pressure distribu- 
tion for a = 
170.40 (NACA airfoil 2212). 
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Figure 20.- Pressure distribu- 
tion for cL = 
189. 6° (NACA airfoil 2212). 
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Figure 24.- 0^^ versus angle of attack (NACA airfoil 2212). 
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Figure 23.- Spanwise load dis- Figure 25.- Comparison of Ca 

tribution (NACA values for NACA 

airfoil 2212). airfoil 2212, Gd*420 and a 

flat rectangular plate. 
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Figure 26.- Spanwise load distribution in ground proximity 
(NACA airfoil 2212). 
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